The disease caused by porcine reproductive and respiratory syndrome virus (PRRSV) emerged independently and almost simultaneously in Europe (1990) and North America (1987). The original reservoir of the virus and the date it entered the pig populations is not known. In this study, we demonstrate an accurate molecular clock for the European PRRSV ORF 3 gene, place the root in the genealogy, estimate the rate of nucleotide substitution, and date the most recent common viral ancestor of the data set to 1979; more than 10 years before the onset of the European epidemic. Based on these findings, we conclude that PRRSV virus most likely entered the pig population some time before the epidemic emergence of the virus, and hence, that emergence of European-type PRRSV is not the result of a recent species transmission event. Together, our results show that ORF3 sequencing is a valuable epidemiologic tool for examining the emergence and spread of PRRSV in Europe. As such, the panel of well-characterized and highly divergent ORF3 sequences described in this study provides a reference point for future molecular epidemiologic studies. © 2001 Academic Press Key Words: molecular clock; PRRSV; ORF 3; evolution; molecular epidemiology.
INTRODUCTION
Porcine reproductive and respiratory syndrome virus (PRRSV) is the causative agent of a newly emerged disease with still on-going epidemics in populations of domestic pigs (1) . There is no prior knowledge in veterinary records of this disease, which emerged almost simultaneously in North America and Western Europe in the late 1980s and early 1990s, respectively. Despite the concurrence in emergence and disease symptoms, the virus strains from the two continents have proven to be strikingly different with only 55-70% nucleotide similarity in the different viral genes (2) (3) (4) (5) . This has led to the conclusion that the two lineages must have evolved separately from a very distant common ancestor before the emergence into the pig populations on the two continents (5, 6) . The novelty of the disease, and the evolutionary distance between the two virus lineages, has prompted the working hypothesis that the emergence of the virus was a result of two recent and independent species transmission events on the two continents (6) . However, the original reservoir of the virus prior to the onset of the current epidemic, and whether this reservoir was the same on both continents, is unknown. It is also unknown when a potential species shift may have occurred from the original reservoir to domesticated pigs.
The ORF 3 gene of European-type PRRSV encodes a virion-associated structural glycoprotein (7) . A previous study has shown a highly accurate molecular clock for the accumulation of base substitutions in this gene within the Danish virus population (8) . This was done by including time information into an approach based on linear regression on genetic distances. However, due to phylogenetic correlation, the statistical properties of distance-based methods are not well known, and caution must be taken when basing conclusions on these.
In the current study, we expanded the original data set of Oleksiewicz et al. (8) to incorporate the European PRRSV prototype, the Lelystad isolate (3), and seven English isolates previously sequenced (9) . In addition, the complete ORF 3 from five recent Danish isolates and five Italian isolates were sequenced as part of this study and included in the analysis (Table 1 ). The two latter countries have been shown to harbor the majority of European-type PRRSV genetic diversity (8, 10 and T. Storgaard, unpublished results).
Virus isolation, RNA extraction, and sequencing procedures were essentially as described in Oleksiewicz et al. (8) , differing only in a change of the reverse primer for the N-terminal amplification to 5ЈATGCGTCGAGAAA-CAGGGCT3Ј to successfully amplify this more diverse sample set of PRRSV isolates. The sequencing of the five Italian isolates identified ORF 3 deletion mutants similar to those previously reported among Danish PRRSV isolates (8) . In addition, two of the Italian isolates (2029/97 and 3943/96, Table 1 ) had premature stop codons in the carboxyl-terminal part of ORF 3. This observation, together with our previous published data (8) , suggest that the carboxyl-terminal part of the European type PRRSV ORF 3 has a nonessential role in the viral life cycle.
The newly generated sequences corresponding to the complete ORF 3 (Table 1) were aligned to the previously published ORF 3 sequences (3, 8, 9) using Clustal X (11), and adjusted manually around the region previously described to hold deletions (8) . All sites in the alignment containing gaps were removed, yielding a final alignment of 747 nucleotide sites for analysis [alignment available via the Internet (www.bioinf.au.dk/ϳroald/)]. Based on this alignment, the genealogy of the isolates was estimated using the PAUP* program (12) . A neighbor-joining tree was constructed upon which maximum likelihood (ML) parameters of the HKYϩ ⌫ substitution model were estimated (13, 14) . This model incorporates the previously shown transition bias in PRRSV (15) and rate heterogeneity among sites, which is a common feature of protein coding regions (14) . Estimated parameters were then used in an extensive heuristic topology search under the ML criterion. Ten random stepwise addition trees were used as the starting points for the search. The searches converged on five topologies, which only had very minor branching order differences of essentially zero-length branch lengths in the Lelystad-like clade and the very compact clades of Danish isolates (Fig. 1) . For hypothesis testing and parameter estimation, we used a genealogy-based likelihood approach (13) , which incorporates the correlation of shared evolutionary history between isolates. Recent advances in the construction of models of molecular evolution have allowed for the inclusion of time-information from noncontemporaneous samples into a maximum likelihood framework (16) . This permits the testing of hypotheses about the relation between calendar time and the rate of evolution, and estimation of substitution rate parameters, all within the statistically well-founded likelihood theory. The models employed here (Table 2 ) are implemented in the TipDate program (16) and are as follows: (i) A model of an unconstrained tree M UNCONST (Table 2 ). Under this model no assumptions are made about the amount of calendar time occurring on each branch of the tree, or the constancy of substitution rates (13) . The lengths of all branches are therefore allowed to vary as free parameters of the model. (ii) A model of a clock-constrained tree with time information M CLOCK (16) . This model incorporates the time information of the isolates (Table 2) and positions tips at a distance from the root, which is dependent on their date of origin and the simultaneously estimated substitution rate parameter (). The interdependency caused by these constraints means that all branch lengths are no longer free to vary. These can now be expressed by the height of the nodes in the tree, which means a reduction of the parameter space. To introduce the clock constraints into the model, a root must be placed in the relating tree. As no close outgroup exists, the root of the complete genealogy was estimated by trying all possible positions. The placing of the root that yielded the highest likelihood score was then chosen.
A likelihood ratio test between these two models then becomes a test of the molecular clock hypothesis. As shown in Table 2 , the clock hypothesis did not yield a significantly worse fit to the data when compared to the more parameter-rich hypothesis of an unconstrained tree. This result agrees with the previous results from Oleksiewicz et al. (8) in demonstrating an accurate molecular clock for the evolution of the ORF 3 gene in European-type PRRSV. The rate of substitution was estimated as 5.8 ϫ 10 Ϫ3 substitutions per site per year (95% confidence interval 4.8-6.9 ϫ 10 Ϫ3 ). This high rate of substitution and the large number of sequences allowed us to estimate with high fidelity that the most recent common ancestor (MRCA) of these isolates existed in 1979 (95% confidence interval covers the period 1976-1981). The presence of PRRSV in European domestic swine has not been demonstrated prior to the onset of the current epidemic. If the current pan-European epidemic was caused by only one interspecies transmission event followed by rapid intraspecies transmission, we would expect the sequences to be related by a star-like genealogy, with an estimated time of the MRCA around 1990. From the dated genealogy (Fig. 1) , it can be seen that several lineages existed around the onset of the current epidemic in 1990. This means that several transmission chains must have persisted and connected the pre-epidemic reservoir of the virus to the viral isolates of this sample set. Two scenarios could explain this pattern: (i) The pre-epidemic reservoir of PRRSV was another species, e.g., mice (6) or mallard ducks (17) , from which several interspecies transmissions to domesticated pigs occurred at the time of or following the onset of the epidemic in 1990; or (ii) PRRSV acquired pigs as hosts a long time prior to the current epidemic and circulated and diversified in an isolated pig population; from this population genetically diverse viruses were introduced into the larger European swine populations by several intraspecies transmission events, hereby giving rise to the current pan-European epidemic. At the molecular level, a strong dependency on the specific host-cell environment is observed in the gene products involved in all viral life stages (18) . This observation, and the fact that interspecies transmission of viruses are rarely observed, would indicate that species shifts are very rare events in the evolutionary history of most viruses and that the second of the above scenarios is the most likely explanation for our observations.
From the genealogy (Fig. 1) it can be seen that both the viral isolates within the clade containing only Danish isolates and the viral isolates within the clade containing the Lelystad-like isolates diverged around the onset of the current epidemic. However, the Italian isolates all diverged even earlier and harbor much of the genetic diversity of the sample set. High genetic diversity among Italian PRRSV isolates has previously been observed in the ORF 5 and 7 genes (10 and T. Storgaard, unpublished results). The high genetic diversity of Italian PRRSV isolates indicates that more of the genetic diversity of the original reservoir has been transferred to the Italian swine population than to the remaining European swine populations investigated here. This would suggest that the swine population of Italy has been more exposed to introduction of viruses from the original pig reservoir due to, e.g., geographical proximity or trading pattern. Hence, we find it likely based on the current study that PRRSV circulated in an isolated pig population for some time before the onset of the current Western European epidemic. In this isolated swine population the virus diverged and was later transferred to the large Western European swine populations on several occasions. These transmission events seeded the current epidemic of the disease in Western Europe, and for unknown reasons, transmission events seem to have been most prevalent in the Italy.
The finding that the MRCA existed in an isolated population more than 10 years prior to the emergence of PRRSV-induced disease in domestic pigs is by no means surprising given the current understanding of emerging viral infections such as HIV (19) .
As in all studies that date evolutionary events by a molecular clock, the estimation procedure invoked here is based on the assumption that the constant rate of substitution observed in the sampling interval (1991-1999) may be extrapolated back in time. If the rate of substitution differed between the sampling interval and the presampling interval (before 1991), this would affect the estimate of the date of the MRCA. A higher rate of substitution in this interval would bring the estimated time of the MRCA closer to the emergence of the epidemic in 1990 and potentially question our hypothesis, and a slower rate would bring the date of the MRCA further back in time and be conservative to our hypothesis. The rate we have estimated and extrapolated back in time to date the MRCA corresponds to the highest rates previously published for glycoproteins of other RNA viruses such as HIV and Influenza A (20, 21) . Hence, a rate much higher than this in the presampling interval does not seem plausible. Furthermore, the estimated date of the MRCA may be moved even further back as more genetic diversity of the European-type PRRSV is discovered. Our estimate of 1979 as the age of the MRCA is therefore very conservative.
In summary, the current study confirmed the presence of a highly accurate molecular clock in the ORF3 gene previously reported by Oleksiewicz et al. (8) and extended the findings to also include Italian, English, and Dutch isolates. This allowed us to estimate that the most recent common ancestor of European-type PRRSV existed before 1981. We conclude that if European-type PRRSV is a result of an interspecies transmission to pigs from an unknown host, it is most likely, due to the presumed rarity of such events, that this interspecies transmission took place before 1981. Based on these findings, we suggest that investigations aimed at unraveling the origins of PRRSV should have two foci: (i) to identify candidate species which may have harbored PRRSV before it acquired pigs as hosts and factors which may have facilitated a potential species shift. Such studies should focus on the time period prior to the date (1981) of the MRCA reported here, and (ii) to investigate potential reservoirs where the virus may have existed in the period between a potential species shift and the onset of the current epidemic, and any environmental factors that may have facilitated the transmission out of these reservoirs. Such studies should focus on the time period from the MRCA (1981) until the start of the PRRSV epidemic in domestic pigs (late 1980s) and factors that may explain the geographical difference in genetic diversity observed. To have any explanatory power for a species shift and the transmission of PRRSV out of the putative pre-epidemic reservoir, candidate factors should have a global effect to explain the concurrent epidemics in North America and Europe. c Two times the difference in the log-likelihoods was calculated and evaluated in a 41 2 distribution ( P ϭ 0.65).
